ATP-binding cassette (ABC) transporters use ATP to translocate various substrates across cellular membranes. Several members of subfamily A of mammalian ABC transporters are associated with severe health disorders, but their unusual complexity and large size have so far precluded structural characterization. ABCA4 is localized to the discs of vertebrate photoreceptor outer segments. This protein transports N-retinylidene-phosphatidylethanolamine to the outer side of disc membranes to prevent formation of toxic compounds causing macular degeneration. An 18 Å -resolution structure of ABCA4 isolated from bovine rod outer segments was determined using electron microscopy and single-particle reconstruction. Significant conformational changes in the cytoplasmic and transmembrane regions were observed upon binding of a nonhydrolyzable ATP analog and accompanied by altered hydrogen/ deuterium exchange in the Walker A motif of one of the nucleotide-binding domains. These findings provide an initial view of the molecular organization and functional rearrangements for any member of the ABCA subfamily of ABC transporters.
INTRODUCTION
ATP-binding cassette (ABC) transporters are an ancient superfamily of integral membrane proteins that serve a general purpose of selective transport across biological membranes. Widely distributed throughout all domains of life, they use the energy of ATP hydrolysis to import or expel a great variety of substances, ranging from inorganic ions to polypeptides (Higgins, 1992; Holland and Blight, 1999) . These proteins share a common core architecture, comprised of two transmembrane domains (TMDs) and two nucleotide-binding domains (NBDs), also known as ATP-binding cassettes. Evolutionary divergence within the superfamily has resulted in altered modes of structural organization of these four components (Higgins, 1992) . In prokaryotes, they are usually produced as separate proteins or TMD-NBD tandems, which associate to form a functional transporter, whereas in eukaryotes, they often reside within a single polypeptide chain (Kos and Ford, 2009 ). The broad distribution and substrate diversity of ABC transporters are further reflected in low amino acid sequence similarity among them, with the exception of highly conserved NBDs.
Based on gene organization and sequence analysis, mammalian ABC transporters are divided into seven subfamilies: ABCA through ABCG (Vasiliou et al., 2009 ). The human ABCA subfamily is composed of 12 members that are likely involved in lipid transport (Piehler et al., 2012) . This subfamily contains unusually large and complex proteins, such as ABCA13, which is comprised of more than 5,000 residues. Accordingly, ABCA transporters significantly deviate from the minimal four-domain architecture described above. A distinctive topological element of these proteins is the large N-terminal extracellular domain of poorly defined function, whereas the cytosolic domains extend beyond the consensus NBD sequence. Despite considerable effort, molecular level studies of the members of the A subfamily have been limited. In particular, low abundance and high complexity have so far precluded structural characterization of ABCA transporters.
ABCA4, a member of the ABCA subfamily, is predominantly expressed in the outer segments of rod and cone photoreceptors, where it is found in rims and incisures of disk membranes Papermaster et al., 1978 Papermaster et al., , 1982 Sun and Nathans, 1997) . The main role of ABCA4 is in clearance of alltrans-retinal (ATR), the product of light-induced isomerization of the visual pigment chromophore, 11-cis-retinal, from photoreceptors (Ahn et al., 2000; Maeda et al., 2008; Sun et al., 1999; Weng et al., 1999) . More specifically, ABCA4 transports N-retinylidene-phosphatidylethanolamine (N-retinylidene-PE) from the luminal to the cytoplasmic (CT) side of the disk membrane, thereby preventing formation of toxic condensation products (Quazi et al., 2012) . Mutations in the ABCA4 gene have been linked to devastating visual disorders, such as Stargardt disease, an early onset macular degeneration (Allikmets et al., 1997a; Weleber, 1994) , retinitis pigmentosa (Martínez-Mir et al., 1998) , cone-rod dystrophy (Hamel, 2007) and a higher susceptibility to develop age-related macular degeneration (Allikmets et al., 1997b) .
ABCA4 is a single-chain protein with 2,273 residues (human ortholog) organized in two homologous but not identical parts, each carrying a TMD with six predicted membrane-spanning helices, an exocytoplasmic (intradiscal [ID] ) domain (ECD), and a cytoplasmic domain (CD) that hosts an NBD. This topology was supported by multiple glycosylation sites identified in ECDs, whereas CD1 was found to be phosphorylated (Bungert et al., 2001; Tsybovsky et al., 2011) .
Here, we present a structural study of ABCA4. Our ligand-free and ATP-bound structures obtained by electron microscopy (EM) and single-particle reconstruction reveal the molecular architecture of bovine ABCA4 and illustrate the conformational transitions that result from nucleotide binding. Complementary hydrogen/deuterium (H/D) exchange studies demonstrate ATPinduced alterations in the local environment of the Walker A motif and suggest that only one NBD is catalytically active. This work provides direct structural information and mechanistic insights into the function of ABCA4.
RESULTS

Isolation and Biochemical Characterization of ABCA4
We developed an isolation procedure that allows purification of ABCA4 from a native source, rod outer segments (ROS) of bovine photoreceptors, in quantities sufficient for structural analysis (see Supplemental Experimental Procedures; Figure S1A available online). This protocol yields 0.1-0.3 mg of highly purified ABCA4 from 100 bovine retinas. Immediately after purification, the detergent bound to ABCA4 was replaced with Amphipol A8-35 (Amphipol) , resulting in formation of a monodisperse ABCA4-Amphipol complex and removing the need to maintain excess detergent or Amphipol in solution. When subjected to size exclusion chromatography, ABCA4 eluted in a single symmetrical peak with an apparent molecular weight (MW) of about 400 kDa ( Figure S1B ), corresponding well to a theoretical value of 360 kDa calculated for a complex comprising one molecule of ABCA4 (260 kDa plus $20 kDa to account for glycosylation; Tsybovsky et al., 2011) and approximately 80 kDa of Amphipol needed to cover 12 transmembrane (TM) helices. This Amphipol amount was estimated based on the Amphipol:protein ratio determined for bacteriorhodopsin (Gohon et al., 2008) . In our experiments, the basal ATPase activity of ABCA4 in the presence of Amphipol was consistently higher than that of the detergent-solubilized protein ( Figure S1C ), which may reflect the stabilizing effect of Amphipol. Addition of 1 mM adenosine 5 0 -(b,g-imido) triphosphate (AMPPNP), a nonhydrolyzable ATP analog, substantially inhibited the ATPase activity.
Molecular Architecture of ABCA4
We used negative-stain EM and single-particle analysis to determine the structure of ABCA4. An initial three-dimensional (3D) map obtained with the random conical tilt (RCT) method ( Figures  1A-1C ) was improved with reference-based angular refinement ( Figures S1D-S1F) . The final 18.1 Å -resolution structure of ABCA4 revealed a complex elongated asymmetrical shape that measured 20 nm in its longest dimension ( Figure 1D ). The molecule resembles an upside-down ice cream cone with a ''handle'' and ''head'' connected by a thinner linker region. The head portion featured a solvent-exposed internal cavity with a diameter of roughly 3 nm ( Figure 1D ).
In the absence of structural information regarding members of the ABCA subfamily of ABC transporters, we took advantage of the fact that ECD1 and ECD2 of ABCA4 are glycosylated at seven different sites (Tsybovsky et al., 2011 ; Figure 2A ) to See also Figure S1 .
Structure
Structure of ABCA4 identify their positions in the structure. Screening of lectins revealed that Concanavalin A (ConA) is capable of strongly binding to ABCA4 glycans. Therefore, an ABCA4-ConA complex was assembled by incubation of ABCA4 with succinylated ConA and subjected to negative staining and EM analysis. Visual examination of 5,196 ABCA4 particles revealed that 2,123 of them had additional density consistent with the 53 kDa MW of succinylated ConA. We observed complexes composed of one molecule of ABCA4 bound to one (81% of particles) or two (19% of particles) molecules of ConA ( Figure 2B ). Referencefree alignment and classification revealed pronounced ConA density attached to various sites on ABCA4 ( Figure 2C ). This density was strong in most of the two-dimensional (2D) classes but less ordered in some others, presumably because of the conformational flexibility of the polysaccharides decorating ABCA4. ConA bound exclusively to the handle and linker regions ( Figures 2B and 2C ), thus identifying them as the ID portion composed of glycosylated ECD1 and ECD2. To more precisely identify the binding regions, we determined a 3D map of the ABCA4-ConA complex ( Figure 2D ). This map revealed three primary sites for ConA binding, all of them in the handle and linker regions. By exclusion, the head of the molecule should contain the TMDs and CDs. Further assignment of CDs and TMDs within the head of the molecule can be suggested based on the above results and the proposed ABCA4 topology (Figure 2A ). The ID and CT moieties of ABCA4 are similar in molecular weight (on the order of 100 kDa each), which implies a central position of the TM region. In agreement with this, an elevated zone spanning the circumference of the EM model was observed in the head portion of the molecule adjacent to the ID region ( Figure 2E ). The height of this zone was equal to that estimated for the Amphipol belt (4 nm) . Furthermore, when the horizontal cross-section of the map in the center of the suggested TM region was analyzed and an estimated 2-nm-thick layer was subtracted for Amphipol belt , this left a remaining central area of 16.5 nm 2 ( Figure S2 ). This area corresponds well with the sectional area of twelve TM helices (16.8 nm 2 ), assuming a 1.4 nm 2 sectional area of a single helix (Eskandari et al., 1998) . Based on these considerations, it can also be inferred that CDs occupy the bottom part of the head region.
Conformational Changes Associated with Binding of AMPPNP The structure of ABCA4 in the presence of AMPPNP/Mg 2+ , determined by using the nucleotide-free map as the initial reference, showed significant alterations ( Figure 3A) . Binding of this nonhydrolyzable ATP analog led to a constriction of the internal cavity in the CT region of the molecule, as well as to the loss of connectivity between this cavity and the surface ( Figure 3B ; Movie S1). The overall shape change visible in the CT portion of the protein propagated into the TM region ( Figure 3B ; Movie S1). The combined change in the appearance of the CT and TM regions can be described as tightening of the head moiety. The significance of the observed changes was validated by determining the ligand-free and AMPPNP-bound structures with different starting models used for reference-based reconstruction and refinement (see Figure S3 and associated text in 
Local Environment of the ATP-Binding Sites
Application of H/D exchange coupled with mass spectrometry to membrane proteins remains a challenging task, with the first study of a 63 kDa prokaryotic ABC transporter BmrA published only recently (Mehmood et al., 2012) . We achieved peptide sequence coverage of 34% for Amphipol-embedded ABCA4 digested with pepsin. The number of peptides suitable for analysis (Table S1 ) was further reduced, owing to the deuterationinduced isotopic envelope widening. Nevertheless, peptides forming ATP-binding Walker A motifs (LGHNGAGKTTTL in NBD1 and FGLLGVNGAGKTTTF in NBD2) were reliably detected. Quantification of the H/D exchange in these areas showed a radically different behavior of NBD1 versus NBD2 (Figure S3D) . Addition of AMPPNP reduced the H/D exchange in the peptide carrying the Walker A motif of NBD2 by about 30% (Figures 3C and S3D) , indicating a substantial change in its local environment ( Figure 3D ). In contrast, no statistically significant changes were found in the equivalent region of NBD1 (p > 0.05). Peptides adjacent to Walker A motifs did not manifest ATP-induced changes in either of the NBDs ( Figure 3D ; Table  S1 ). Thus, H/D exchange studies confirmed the structural alterations in the CT region of ABCA4 revealed by the EM structures.
DISCUSSION
Being among the largest proteins of the superfamily, ABCA4 is unique in that it is the only mammalian ABC transporter shown to function as an importer (Quazi et al., 2012) . Predominant localization in photoreceptors, which can be readily separated from other retinal cells, offers a rare opportunity to obtain this member of the ABCA subfamily directly from the native source, thereby avoiding a spectrum of complications associated with recombinant expression of large membrane proteins. We developed an efficient and scalable purification procedure that allowed isolating bovine ABCA4 from membranes of ROS ( Figure S1A ). Additionally, using Amphipol instead of detergent led to monodisperse ABCA4 preparations with preserved basal ATPase activity, which permitted analysis by transmission EM and single particle reconstruction.
Biochemical and computational evidence predicts an ornate topology of ABCA4 comprised of two CDs, two unusually large (a total of $900 residues) exocytoplasmic loops located inside the rim of the disc, and 12 TM helices (Bungert et al., 2001; Peelman et al., 2003; Tsybovsky et al., 2011;  Figure 2A ). Our EM analysis of ABCA4 revealed that the ID portion of the protein, which constitutes the hallmark of the ABCA subfamily, is well ordered and tightly packed in a single structural unit that protrudes about 10 nm deep into the rim space ( Figure S4 ). This geometry can explain the strict localization of ABCA4 to the rims of rod discs (Illing et al., 1997) , as the reported ID space outside of rims (3-5 nm) (Nickell et al., 2007) is insufficient to accommodate the ECDs. The biological role of ECDs is currently unclear. It has been suggested that ECDs of ABCA1 are responsible for interactions with apolipoprotein A-1 (Fitzgerald et al., 2002) , whereas recombinantly expressed ECD2 of ABCA4 might interact with ATR (Biswas-Fiss et al., 2010) . Additional studies will be necessary to define the function of ECDs.
Despite the existence of a solvent-exposed internal cavity in the CT region of the protein, the two CDs also form a combined See also Figure S3 , Movie S1, and Table S1 .
Structure
Structure of ABCA4 entity ( Figures 1D and 3A) . It is known that dimerization of NBDs is necessary for ATP hydrolysis (George and Jones, 2012) . Our results agree well with X-ray and EM studies arguing that cytosolic domains of ABC transporters remain in contact, even in the absence of ATP (Hohl et al., 2012; Lee et al., 2002) , as opposed to other crystal structures that suggest their complete separation in the resting state by as much as 20-30 Å (Aller et al., 2009; Ward et al., 2007) . At the current resolution, however, a substantially smaller gap between the NBDs cannot be excluded. Intense interactions between the N-and C-terminal halves of ABCA4 are supported by the loss of both the basal and retinal-stimulated ATPase activities when they were expressed as separate proteins (Ahn et al., 2003) . The sectional area of the TM region enclosed in the Amphipol belt is in good agreement with the presence of 12 membrane-spanning helices. Of note, with the exception of highly conserved NBDs, members of the ABCA subfamily show little to no sequence homology to other proteins. Within the subfamily, however, this homology is significant, with the sequence identity between ABCA1 and ABCA4 reaching 51%. It is thus reasonable to expect that other ABCA transporters have a similar molecular architecture.
Our data revealed ATP-induced structural rearrangements in ABCA4 manifested as a reduced volume of the internal cavity and an altered shape of the head of the molecule, where the CT and TM regions are likely to reside ( Figure 3B ; Movie S1). Such a constriction of the internal cavity may reflect a rearrangement or dimerization of NBDs and/or a general stabilization and loss of flexibility in the region involved in ATP binding and hydrolysis. The two hypotheses describing the mechanism of action of ABC transporters, the ATP switch model (Higgins and Linton, 2004) , and the constant contact model (Jones and George, 2009 ) disagree with respect to the magnitude of changes that take place in the intracellular region during the transport cycle, but they agree that such changes are necessary. Although reliable docking of homology models of NBDs into our EM structures is not possible, given that NBDs constitute less than 50% of the intracellular portion of ABCA4, location of NBDs in the vicinity of the internal cavity can be inferred from the positions of the TM and CT moieties in the head of the molecule ( Figure 2E ). At the current resolution of 18 to 19 Å , however, it cannot be excluded that the observed changes are due to rearrangements of other portions of CDs. On the other hand, we see clear evidence that nucleotide binding results in the ''tightening'' of the CT moiety, as revealed by our EM and H/D exchange analysis, which agrees well with a lower level of conformational dynamics in the intracellular domains of the BmrA ABC transporter in the presence of ATP (Mehmood et al., 2012) . Remarkably, constriction of the cavity is associated with structural changes in the TM region ( Figure 3B ; Movie S1), suggesting that binding of AMPPNP is coupled to a conformational transition in the membrane-spanning helices. Coupling of ATP binding and hydrolysis to structural rearrangements in TMDs, which allows active transport of the substrate through the lipid bilayer, constitutes the essence of the functional mechanism of ABC transporters (George and Jones, 2012; Higgins and Linton, 2004) .
We propose that the global conformational changes in response to binding of AMPPNP revealed by EM are associated with an altered local environment of the consensus Walker A motif in NBD2 ( Figures 3C and 3D) . Our H/D exchange experiments showed that the Walker A motif of NBD2 is more protected in ATP-bound state, while exchange in the same region in NBD1 was not altered by the addition of AMPPNP. This may suggest that NBD1 either does not bind ATP or already has a bound nucleotide. The second explanation is in line with the conclusions of a previous biochemical study, which showed that NBD1 cannot be labeled with 8-azido-ATP and that a tightly bound ADP molecule can be extracted from ABCA4 after protein denaturation (Ahn et al., 2003) . Similarly, atypical NBDs that are not capable of ATP hydrolysis but have a stably bound ATP molecule were described for ABCC7 (Aleksandrov et al., 2002) and the TM287/288 ABC transporter from Thermotoga maritima (Hohl et al., 2012) . Such inactive NBDs can still play an important role in nucleotide hydrolysis by providing an ATP-binding interface and orchestrating catalysis through interactions with their catalytically active partners.
Combined with the accumulated body of biochemical evidence, our study suggests a transport model (Figure 4) , in which, in the resting state, TMDs of ABCA4 form a conformation that is ready to accept N-retinylidene-PE from the luminal side of the disc membrane. It was shown that ABCA4 can recruit N-retinylidene-PE is shown as a green oval, whereas ATP and ADP are represented with red and yellow circles, respectively. The TM region is colored dark blue. Binding of ATP by NBD2 (stage 2) induces a tighter contact between the CDs, which is associated with rearrangements in the TM region that leads to substrate translocation. The rectangle encompasses the two stages of the transport cycle visualized in this study, assuming that binding of N-retinylidene-PE by itself does not induce global conformational changes. See also Figure S4 .
N-retinylidene-PE in the absence of ATP (Beharry et al., 2004) . In the next step, binding of a nucleotide by NBD2 initiates conformational changes in the tightly interacting CDs, which propagate to the TM region, leading to flipping of the substrate to the CT face of the membrane. The substrate can dissociate at this point or, as suggested by a higher efficiency of N-retinylidene-PE release by ATP compared to AMPPNP (Beharry et al., 2004) , this dissociation could be facilitated by or depend on nucleotide hydrolysis. Finally, hydrolysis of ATP by NBD2 followed by dissociation of ADP restores the resting state of ABCA4.
In conclusion, we provide the initial view of the molecular organization and transport-related conformational transitions of ABCA4, an ABC transporter implicated in recycling of harmful byproducts of the visual cycle. These results lay a foundation for structural studies of the ABCA subfamily of human ABC transporters.
EXPERIMENTAL PROCEDURES
Full Experimental Procedures can be found in the Supplemental Information.
Purification of ABCA4 from Bovine ROS ABCA4 was purified from detergent-solubilized ROS membranes in three consecutive steps, including ion exchange chromatography on DE52 resin, ligand affinity chromatography on Mimetic Red3 resin, and lectin affinity chromatography on Galanthus nivalis lectin (GNL) agarose. The resulting sample was incubated with 0.2 mg/ml Amphipol A8-35, concentrated and subjected to size exclusion chromatography on a Superose 6 column. For structural studies of the ABCA4-AMPPNP complex, purified ABCA4 was incubated with 2 mM MgCl 2 and 1 mM AMPPNP at 4 C overnight.
Transmission EM and Single-Particle Reconstruction ABCA4 from peak Superose 6 fractions was adsorbed onto carbon-coated, glow-discharged EM grids and stained with 1% (w/v) uranyl acetate. Data were collected with a FEI Tecnai F20 microscope (FEI, Eindhoven, The Netherlands) operated at 200 kV. The initial 3D model of ligand-free ABCA4 was obtained by the RCT method (Radermacher et al., 1987) . This model was used as the reference for the referenced-based projection alignment (Shaikh et al., 2008) . The 3D structure of the ABCA4-AMPPNP complex was determined using the same referenced-based projection alignment protocol, with the final ligand-free ABCA4 or the RCT models as initial references.
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